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Abstract
Purposes The number of revision anterior cruciate liga-
ment (ACL) surgeries performed annually continues to
rise. The purpose of this study was to determine the most
common rupture pattern in ACL revision cases after pre-
vious single-bundle reconstruction. The second aim was to
determine the relationship between rupture pattern and
patient-speciﬁc factors (age, gender, time between the
initial ACL reconstruction and re-injury, and etiology/
mechanism of failure) and surgical factors (graft type,
tunnel angle).
Methods This was a cohort study of 60 patients that
underwent revision ACL surgery after previous single-
bundle ACL reconstruction. Three sports medicine–trained
orthopedic surgeons reviewed the arthroscopic videos and
determined the rupture pattern of the grafts. The rupture
pattern was then correlated to the above-mentioned factors.
Results The inter-observer agreement had a kappa of 0.7.
The most common rupture pattern after previous single-
bundle ACL reconstruction is elongation of the graft. This
is different from the native ACL, which displays more
proximal ruptures. With the use of autograft tissue and
after a longer period of time, the rupture pattern in revision
surgery is more similar to that of the native ACL.
Conclusion The most common rupture pattern after pre-
vious single-bundle reconstruction was elongation of the
graft. Factors that inﬂuenced the rupture pattern were
months between ACL reconstruction and re-injury and
graft type.
Level of evidence Cohort study, Level IV.
Keywords Anterior cruciate ligament  ACL 
Revision surgery  Rupture pattern  Graft failure
Introduction
Anterior cruciate ligament surgery is one of the most fre-
quently performed orthopedic operations. With the number
of ACL reconstructions continuing to increase, revision
cases are to be expected. Biomechanical studies [6, 10,
13–16] have shown that variations in ACL reconstruction
technique, i.e., difference in tunnel placement and graft
type, result in variable postoperative knee kinematics and
loads [4, 10]. Logically, this should result in variable forces
placed upon the reconstructed ACL, which could in turn
result in differing rupture patterns to the reconstructed ACL
[4, 11].
Recently, a paper was published on ACL graft rupture
after previous double-bundle ACL reconstruction [11].
Factors that inﬂuenced graft re-rupture were the months
between the initial surgery and re-injury, the etiology of
failure, and the tunnel angle. However, the majority of
patients undergoing ACL revision surgery previously
underwent single-bundle reconstruction, not double-bundle
reconstruction.
The aims of the current study were as follows: 1. to
determine the most common graft rupture pattern in ACL
revision cases after previous single-bundle reconstruction
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and patient age, gender, time between the initial ACL
reconstruction and re-injury, graft type, tunnel angle, and
etiology of failure. It was hypothesized that a speciﬁc graft
rupture pattern could be identiﬁed that occurs most fre-
quently in single-bundle revision surgery. In addition, it
was hypothesized that there is a relationship between the
graft rupture patterns and the etiology of failure and other
demographic and surgical factors.
Materials and methods
A prospective cohort study design was chosen. Patients
were enrolled and data collected following full approval
from our institutional review board. Between 2005 and
2009, all patients who underwent revision ACL surgery
after a previous single-bundle reconstruction were inclu-
ded. Patients who had undergone more than one revi-
sion surgery on the same knee were excluded. Three
sports-medicine-fellowship-trained orthopedic surgeons
independently reviewed the arthroscopic footage of the
enrolled subjects to determine the exact pattern of graft
rupture. Rupture pattern was recorded using a classiﬁca-
tion system previously described by Zantop et al. [17]
Since all included subjects had undergone previous single-
bundle ACL surgery, only one bundle was available for
evaluation. The injured single ACL bundle was classiﬁed
as either having (1) proximal rupture; (2) mid-substance
rupture; (3) distal rupture; or (4) functional insufﬁciency
due to elongation. The observers were not blinded to
information about the previous reconstructive procedure.
Each observer was able to review patient demographic
information and surgical details from the primary ACL
reconstruction prior to review of the arthroscopic footage
from the revision surgery. If an observer was unable to
determine the rupture pattern due to insufﬁcient footage or
visualization, a score of ‘‘indeterminate’’ was assigned.
This resulted in a total of 5 scoring categories for the
rupture pattern.
Demographic and surgical data that were collected from
the patient records included patient age and gender, date of
the initial ACL reconstruction, date of the re-injury, and
etiology of failure. The etiology of failure was classiﬁed as
either traumatic or a-traumatic, based on the patient’s self-
report.
Radiographs were reviewed for all patients using the
hospital system’s commercially available radiographic
imaging system (Stentor, Philips Medical Imaging, Bris-
bane, CA, USA). The ACL tunnel angle was deﬁned as the
angle between the tunnel and the long axis of the femur
(Fig. 1).
Statistical analysis
Data were entered into and analyzed with PASW Statistics
(version 17.0, SPSS Inc., Chicago, IL, USA). Inter-
observer agreement for the three observers was calculated
using the Fleiss kappa coefﬁcient for multiple ratings per
subject. This generated a single combined kappa value for
all three observers.
Statistical analysis was performed using the rupture
pattern ratings from a single observer. Descriptive statistics
were calculated for all previously mentioned variables.
This included frequency counts for nominal variables and
means, medians, standard deviation, and range for all
continuous variables.
The Kruskal–Wallis one-way analysis of variance was
used to determine the inﬂuence of patient age, the ACL
reconstruction to re-injury time interval, and tunnel angle
on the resultant graft rupture pattern. When statistical
signiﬁcance was achieved (P\0.05), a post hoc Mann–
Whitney U test was performed to further specify the
difference. For the post hoc analysis, the Bonferroni cor-
rection was applied to adjust the a priori alpha level for the
number of comparisons performed. This resulted in
P\0.05/3 as the level of signiﬁcance. The Chi Square test
and Cramer V correlation coefﬁcient were used to measure
Fig. 1 Anterior–posterior ﬂexion weight-baring radiograph of the
right knee after single-bundle ACL reconstruction. The tunnel angle is
measured as the angle between the long axis of the femur and the
outline of the tunnel
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variables such as gender and etiology of failure. The
a priori alpha level was P\0.05. When statistical signif-
icance was achieved, a post hoc analysis of the standard
residuals was performed. A critical value of ±1.96 was
used to further specify the difference.
Results
Sixty subjects met inclusion criteria for enrolment in this
study. Patient information and demographic data of the
included subjects are displayed in Table 1. The distribution
and frequencies of the various graft rupture patterns are
displayed in Table 2. The most common rupture pattern
was elongation of the graft (Fig. 2), followed by proximal
rupture (Fig. 3), then mid-substance rupture (Fig. 4), and
lastly distal rupture of the graft (Fig. 5). Due to the low
incidence of distal graft ruptures, distal and mid-substance
ruptures were collapsed as a single group for the purposes
of further statistical analysis.
The time between the initial ACL surgery and the re-
injury was of inﬂuence on the rupture pattern of the graft.
Speciﬁcally, the reconstruction to re-injury time interval
was signiﬁcantly greater in the elongated graft group
compared to distal or mid-substance ruptures (P = 0.002).
Rupture pattern was also correlated to graft type (Cramer
V = .543, P\0.001). Thirty-three percent of the proximal
ruptures and 23% of the elongated grafts were allografts,
while 91% of the mid-substance and distal ruptures were
allografts. Patient age and gender, tunnel angle, and etiol-
ogy of failure did not inﬂuence the rupture pattern of the
graft (Table 3). The measured kappa value for multiple
observers was 0.7.
Table 1 Demographic data of the 60 included subjects
Ratio Mean SD Range
Gender
Male:female 33:27
Age 25 9 15–47







Tunnel angle 23 12 4–52
SD standard deviation
Table 2 Rupturepatternsfollowingsingle-bundleACLreconstruction





ACL anterior cruciate ligament
Fig. 2 Arthroscopic lateral portal view of the right knee in 90 of
ﬂexion displaying the most frequent single-bundle graft rupture
pattern after anterior cruciate ligament reconstruction: elongation.
LFC lateral femoral condyle, ACL anterior cruciate ligament
Fig. 3 Arthroscopic lateral portal view of the right knee in 90 of
ﬂexion displaying proximal rupture of the single-bundle graft. With
the probe, an attempt is made to put the ACL stump back toward the
lateral femoral condyle. LFC lateral femoral condyle, ACL anterior
cruciate ligament
Fig. 4 Arthroscopic medial portal view of the right knee in 90 of
ﬂexion displaying mid-substance rupture of the single-bundle graft.
LFC lateral femoral condyle, PCL posterior cruciate ligament
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The most important ﬁnding of the present study was that
the most common graft re-rupture pattern in ACL revision
cases following previous single-bundle reconstruction was
elongation of the graft, accounting for 58% of all revisions.
This is signiﬁcantly different from the most frequent rup-
ture pattern seen in the native ACL, as reported by Zantop
et al. [17], which is proximal rupture of both the antero-
medial (AM) and posterolateral (PL) bundle (Fig. 6).
The time between initial ACL reconstruction and the
re-injury did show a signiﬁcant correlation with the rupture
pattern. Speciﬁcally, a longer time frame between surgery
andre-injury wasconsistent withagreaterincidenceofgraft
elongation. In contrast, patients who presented for revision
surgery following a shorter postoperative time period
seemedtodemonstrate agreaterincidenceofdistalandmid-
substance graft ruptures. This is similar to the ﬁndings pre-
sented in a recently published paper on ACL revision sur-
gery after previous double-bundle ACL reconstruction [11].
This ﬁnding suggests that the graft rupture pattern is an
indicator of graft healing and ligamentization. In addition,
graft orientation could play a role. If a traditional transtibial
technique was used, this could have resulted in a graft
connecting the tibial PLpositionto the femoralAM position
[3, 5]. Altered knee kinematics resulting from this vertically
oriented graft [4, 10] can subsequently expose it to forces
that differ from those in a native ACL [4]. As a result, these
grafts may still ‘‘heal’’ and the patient returns to full activity
without difﬁculty. However, since the graft is not subjected
to the same magnitude and direction of forces seen in the
native ACL [4], the graft is exposed to repetitive micro-
trauma that results in elongation over time. Later in the
period of recovery, the patient may develop a sense of
instability without distinct re-injury and in turn present for
re-evaluation a long as years after the primary surgery.
The current study also demonstrated an inﬂuence of graft
type on the rupture pattern. Autografts were more closely
correlated with proximal re-ruptures, more similar to the
pattern of injury seen in the native ACL. A possible expla-
nation for this ﬁnding could be that autografts take a shorter
time to incorporate compared to allografts [2, 7, 8]. Fur-
thermore, patients who undergo allograft reconstructions
typically experience less postoperative pain and earlier
restoration of range of motion [1]. Therefore, these patients
will feel ready to return to sports or normal activities at an
earlier time [1]. An early return to sporting activities could
Fig. 5 Arthroscopic lateral portal view of the right knee in 90 of
ﬂexion displaying the only (partial) distal rupture of the single-bundle
graft found in this study. LFC lateral femoral condyle








Age (median) 22 20 25 NS
Gender (% male) 62% 72% 49% NS
Months out (median) 30 11.5 45 0.007*
Graft type (% autograft) 67% 9% 77% \0.001

Etiology (% traumatic) 62% 45% 46% NS
Tunnel angle (median) 24.5 17.0 21.5 NS
* The elongated ruptures had a signiﬁcantly longer time between the primary surgery and re-injury than the mid-substance and distal ruptures,
P = 0.002
 Cramer V = 0.543. The distal and mid-substance ruptures were more likely to be allografts reconstructions
Fig. 6 Arthroscopic anteromedial portal view of the right knee in 90
of ﬂexion displaying the most frequent rupture pattern of the native
ACL. Both the AM and PL bundle are ruptured proximally. When
compared to the most common rupture pattern in revision surgery
(Fig. 2), it clearly looks different. AM anteromedial, PL posterolat-
eral, LFC lateral femoral condyle
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higher incidence of mid-substance and distal ruptures with
the use of allograft, which according to this study is seen
more often with a shorter surgery to re-injury interval. Pre-
viously published studies have also shown this relationship
between graft failure and graft type and activity level [1].
Limitations of the study include that the rupture pattern
wasestablishedbyreviewofarthroscopicvideostakenatthe
time of the revision surgery. This was necessary to ensure
three independent observers that were blinded to each other
assessment of the rupture pattern. However, this left the
observers unable to control the arthroscope or probe the
rupturedligament.Despitethislimitation,wedidﬁndagood
inter-observer correlation. Because of the satisfactory inter-
observer agreement, we determined that the use of one
observer’s ratings would be appropriate for statistical
analysis.
There were some missing data points due to the limi-
tations of the video availability and patient records for the
primary ACL reconstruction surgery. The graft type
employed at the time of the index surgery was unknown in
6 patients and the observer whose ratings were ultimately
used was unable to determine the rupture pattern in one
case. The tunnel angle could not be determined in 16
patients due to the unavailability of plain radiographs and
re-injury date was unknown in 2 subjects. Another limita-
tion was that there was only one distal rupture noted.
Statistical analysis of those data would have resulted in
violation of the statistical assumptions. We chose to solve
this by combining the distal and mid-substance ruptures, so
no comparisons could be made between these two classes.
The present study showed that the variation in graft
rupture pattern found during ACL revision surgery is asso-
ciated with certain surgical and demographic variables.
During revision ACL surgery, close inspection of the knee
should be performed to determine the rupture pattern of the
graft. The rupture pattern can be determined preoperatively
[9] with the use of magnetic resonance imaging (MRI), but
also intra-operatively during arthroscopy. By understanding
pattern of graft rupture, the surgeon can help to identify
causes of failure [12]. This is clinically relevant as it sug-
gests that the graft rupture pattern is an indicator of the
degree of, for example, graft healing and ligamentization
and the cause of graft failure. There are no additional
expenses for intra-operative evaluation of graft rupture
pattern, making it both a cost and time efﬁcient tool that can
provide the surgeon with valuable diagnostic information.
Conclusion
In conclusion, this study showed that after single-bundle
ACL reconstruction, the most common graft rupture
pattern seen at the time of revision surgery is elongation of
the graft. This is different from the native ACL, which
displays more proximal ruptures. Factors that inﬂuence the
rupture pattern are months between ACL reconstruction
and re-injury and graft type. A longer time between the
primary surgery and re-injury resulted more often in an
elongated graft, than in a true rupture. With the use of
autograft, the rupture pattern in revision surgery is more
similar to that of the native ACL.
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